Paramyxoviruses: important childhood pathogens. Paramyxoviruses cause important human illnesses, ranging from lower respiratory tract diseases in infants caused by human parainfluenza virus type 1 (HPIV1), HPIV2, and HPIV3 (3, 33) to highly lethal central nervous system diseases caused by the emerging paramyxoviruses Hendra virus (HeV) and Nipah virus (NiV), contributing significantly to global disease and mortality. No clinical therapies or vaccines for these paramyxovirus diseases exist, and furthermore, vaccines would be unlikely to protect the youngest infants. Antiviral agents, therefore, would be beneficial, particularly for the youngest age groups.
Paramyxovirus entry into target cells: the initial step in infection. All paramyxoviruses possess two envelope glycoproteins directly involved in viral entry and pathogenesis: a fusion (F) protein and a receptor-binding protein (hemagglutininneuraminidase [HN] , H, or G). In the cases of HPIV3, HeV, and NiV, the receptor-binding protein, HN (HPIV3) or G (HeV and NiV), binds to cellular surface receptors, positions the viral envelope in proximity to the plasma membrane, and activates the viral F protein at a neutral pH, initiating a series of conformational changes in F. This attachment protein-receptor interaction is required for the F protein to mediate the fusion of the viral envelope with the host cell membrane (17, 24, 25) . The membrane-anchored subunit of the F protein contains two hydrophobic domains: the fusion peptide, which inserts into the cellular target membrane during fusion, and the transmembrane (TM)-spanning domain. Each of these domains is adjacent to one of two conserved heptad repeat (HR) regions: the fusion peptide is adjacent to the N-terminal HR (HRN), and the TM domain is adjacent to the C-terminal HR (HRC). Once F has been activated-in the case of HPIV, by means of the receptor-bound HN (25, 28) -the fusion peptide inserts into the target membrane, first generating a transient intermediate that is anchored to both viral and cell membranes and then refolding and assembling into a fusogenic six-helix bundle (6HB) structure as the HRN and HRC associate into a tight complex. This refolding of F into its final stable form relocates the fusion peptides and TM anchors to the same end of the coiled coil, brings the viral and cell membranes together, and is the driving force for membrane fusion (8) . The key to these events is the initial activation step, wherein HN triggers F to initiate the fusion process. We have shown previously that a balance between the three functions of the HN molecule, binding, receptor cleaving, and F triggering, ultimately determines the outcome of infection (5, 6, 13, 15, 19, 22, 24) . The efficiency of F triggering by HN critically influences the capacity for fusion mediated by F and, thus, the extent of viral entry (25) . We propose that differences in the efficiency of F activation have an impact on the efficacy of potential antiviral molecules that target intermediate states of the fusion protein.
Peptide inhibitors of F activity. Peptides derived from the HRN and HRC regions of the F protein can interact with fusion intermediates of paramyxovirus F proteins (2, 11, 14, 26, 31, 34) and may provide a useful antiviral strategy. The HRC peptides of a number of paramyxoviruses, including Sendai, measles, Newcastle disease, and respiratory syncytial viruses, simian virus 5, HeV, and NiV, can inhibit the infectivity of a homologous virus (9, 11, 20, 21, 26, 32, (34) (35) (36) . The ability of HR peptides to interfere with the fusion process mediated by the human immunodeficiency virus type 1 (HIV-1) fusion protein led to a clinically effective peptide inhibitor of HIV-1 infection (T-20, or enfuvirtide) (7, 10, 30, 31) . The peptides bind to the complementary HR region, thereby preventing F from refolding into the stable 6HB structure required for fusion (2, 4, 28) . Recently, we showed that peptides derived from the HRC region of the F protein of HPIV3 are effective inhibitors of HPIV3, HeV, and NiV fusion (21) and that, for HeV, the strength of association between the HRC peptides and the corresponding HRN region is a determinant of the antiviral efficacy of the peptides (20) . However, peptides derived from the HPIV3 F protein HRC region inhibit HeV and NiV fusion more effectively than HPIV3 fusion, despite a stronger homotypic HRN-HRC interaction for HPIV3 (20, 21) . HRC peptides inhibit fusion only at the stage when F has been activated to expose the fusion peptide but has not yet proceeded to fold into its final state. Therefore, we hypothesized that sensitivity to peptide inhibition may depend on the kinetics of fusion (as is the case for HIV [27, 29] ). HN molecules that possess an enhanced F-triggering function may lessen the inhibitory effects of HRC peptides. Peptide efficacy would therefore be modulated by the kinetics of fusion activation, which depends on HN for HPIV and on G for HeV/NiV.
In order to investigate the relationship between the kinetics of F activation and sensitivity to peptide inhibitors, we used HPIV3 HN variants with specifically altered F-triggering phenotypes (19, 22, 23, 25) , as well as live HeV and NiV (1) . We sought to determine whether individual HN properties affect the sensitivity of HPIV3 to fusion inhibition by peptides and whether differences among the rates of triggering of the HPIV3, HeV, and NiV fusion processes account for the differences in inhibitor sensitivity among these viruses. Results from experiments varying the time of addition of the inhibitor during the course of F activation reveal that for HPIV3, the rate of F triggering determines the window for inhibitor sensitivity and that the slower-triggering HeV/NiV G allows a longer period during which an inhibitor may act. Moreover, by varying the inhibitor concentration and temperature and utilizing variant HN molecules with modified F activation properties, we showed that fusion kinetics is a major determinant for peptide effectiveness. Thus, the kinetics of F activation is likely to underlie the differences among the efficacies of inhibitory peptides for different paramyxoviruses and virus variants and needs to be considered in the development of strategies for fusion inhibitors.
Time points for effective intervention with an inhibitory peptide depend on the speed of F activation for HPIV3, HeV, and NiV. We have proposed previously that the kinetic window for F activation is shorter for HPIV3 than for HeV/NiV (20) . We now tested this idea, to identify whether differences in the time line of F activation between viruses affect peptide efficacy. HRC peptide inhibition ceases when triggering is complete (and F has folded). Thus, the exact time postinfection at which peptides no longer can inhibit fusion pinpoints the end of the F activation process and the window of time for peptide action. If specific attachment proteins have an inherent advantage in F activation, peptide inhibition will cease sooner after infection.
HPIV3 HRC peptides were synthesized and purified as described previously (20) , and concentrations were determined by UV spectrophotometry with an Ultrospec 2000 instrument (Pharma Biotech). For this experiment, in addition to wildtype (wt) HPIV3 (16) and wt HeV and NiV (1), we used an HPIV3 variant bearing an HN with the N551D mutation (designated HN-N551D), known to be more efficient at triggering HPIV3 F (19, 22) . The effects of peptides on plaque numbers were assessed by a plaque reduction test (12) for HPIV3 and by a viral detection assay (1) for HeV/NiV. For the experiment with results presented in Fig. 1 , permissive cells were infected with wt HPIV3, HN-N551D-bearing HPIV3, or HeV/NiV at 37°C. At specific time points, 10 M inhibitory F peptide (HPIV3 wt HRC [20] ) was added. Since the HRC peptide acts by binding to the exposed HRN region and, thus, can act only once the triggering process has started and the F peptide has inserted into the target membrane (18, 28) , peptides that are added after F triggering has occurred will not be inhibitory. As indicated in Fig. 1 , the addition of the peptide and virus concurrently (at time zero) resulted in complete inhibition for all viruses observed. The inhibition of HeV and NiV by the HRC peptide was extended over a greater period of time-up to and beyond 180 min after infection-than that of HPIV3. For HPIV3 wt virions, HRC peptide added at 180 min postinfection failed to inhibit, while for the faster-fusing HPIV3 HN-N551D variant, the HRC peptide completely failed to inhibit as soon as 90 min after infection. This difference in the period of time during which peptide addition is inhibitory reflects the different speeds with which HPIV3 HN variants and HeV/NiV activate F. Faster activation, as that by HPIV3 HN-N551D, means that the time period during which F exists in an intermediate state and the peptide target (HRN region) is accessible, but before fusion progresses, is shorter. The results furthermore support the hypothesis that the time frame for HeV/ NiV F activation is longer than that for HPIV3 F activation. These data explain the previously observed greater efficacy of HPIV3 peptide inhibitors for HeV/NiV infections than for HPIV3 infections (20, 21) .
Slowing the fusion kinetics by modulating temperature alters the time frame of peptide inhibition. We have shown previously that HPIV3 HN/F-mediated fusion is modulated by temperature (22, 24) and that the temperature of triggering can be used as an indicator of the activation energy required. HNs more efficient at F triggering lower the activation energy required to activate F and promote fusion at lower temperatures (22, 24, 25) . Using a series of HN glycoproteins with specific alterations that have an impact on F triggering, an approach different than that taken in the present study, we showed previously that the kinetics of HPIV3 HN/F-mediated fusion is slower at lower temperatures (22, 24) . By coexpressing equal levels of these variant HN molecules with F on the cell surface, we demonstrated that the altered kinetics of fusion triggering is not attributable to a variation in HN densities but is an inherent property of the molecules themselves (22) . Combined with the finding, shown in Fig. 1 as described above, that the inhibitory potential of the HRC peptide is greater for wt HPIV3 than for the faster-fusing variant with HN-N551D, these data led us to hypothesize that by decreasing the temperature and thereby decreasing the kinetics of fusion, we could augment the inhibitory potential of the HRC peptide against wt HPIV3 infection. In the experiment with results illustrated in Fig. 2 , permissive cells were infected with wt HPIV3 virions at 30 or 37°C in the presence of different concentrations of inhibitory peptides. The 50% inhibitory concentrations (IC 50 s) calculated for each temperature were 36 nM at 30°C and 79 nM at 37°C. A paired t test (performed using GraphPad Prism) revealed that the mean values for each point at each temperature represented in Fig. 2 are significantly different, with a P value of 0.012. The enhanced peptide inhibition seen at 30°C compared to that at 37°C indicates that decreasing the kinetics of fusion increases the effectiveness of inhibitory peptides. These data imply that slowing the kinetics of fusion lengthens the window of time during which the inhibitory peptides act, thereby resulting in greater inhibition, and support the notion that peptide activity varies depending on the kinetics of F triggering. Next, we tested a series of variants with different kinetics of fusion for their sensitivities to peptide inhibition. Kinetics of HNs F triggering is a major determinant for inhibitory peptide effectiveness. Previous work on HIV has identified the kinetics of fusion as a determinant for inhibition by HRC peptides (29) . However, in those instances, the fusion kinetics was modulated by changes in the fusion protein that also altered the strength of the interaction between the inhibitory peptide and its target. In order to examine the impact of the fusion kinetics on peptide inhibition without changing the peptide target, we utilized HPIV3 variants carrying mutations in the HN protein but not the F protein. Figure 3a shows that the triggering-defective virus bearing HN-P111S/D216N, an HN variant with a stalk mutation (P111S/D216N) that renders . "Preincubation" and "infection" refer to HRC peptide concentrations during the preincubation and infection steps. After 90 min, cells were overlaid with agarose, and plaques were stained and counted 18 to 36 h postinfection. The data are normalized to the observed infectivity of virus not exposed to HRC peptide and represent the means (Ϯ standard deviations) for triplicate samples.
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NOTES 6949 it triggering impaired (25) , is inhibited at lower concentrations of HRC peptide than the wt virus. The triggering-enhanced virus, a virus bearing the HN-N551D variant with enhanced F activation (22) , requires a higher peptide concentration for effective inhibition. The results for these variants also added support to the temperature data shown for wt HN in Fig. 2 ; for each variant, the IC 50 for peptide inhibition at each of four temperatures (25, 30, 35 , and 40°C) was determined and the IC 50 was found to vary inversely with temperature. For all HNs, the IC 50 for peptide inhibition was higher at 35°C than at 30°C, and the IC 50 values for all variants were highest at 40°C. Furthermore, as expected, the IC 50 values for peptide inhibition at all temperatures were lowest for the slow-F-triggering HN-P111S/D216N variant and highest for the fast-F-triggering HN-N551D variant (data not shown). These data support the idea that peptide efficacy correlates inversely with the kinetics of F triggering. The results of this experiment, revealing that the kinetics of F activation influences the sensitivity of viral infection to peptide inhibition, offer a possible explanation for the finding that despite the strong interaction between HPIV3 HRC and HRN peptides, the HPIV3 peptide inhibits HPIV3 infection less effectively than it does HeV infection.
An alternate interpretation of the experimental results shown in Fig. 3a , however, may be that the P111S/D216N mutation in HN may alter the conformation of the F protein, prematurely generating the transient intermediate state and thereby exposing the peptide-binding site prior to receptor binding. In order to assess this possibility, we preincubated HPIV3 virions with inhibitory peptides before permitting receptor engagement and, therefore, before HN could activate F. We found that preincubating the virions with peptide, even at a high HRC peptide concentration (5 M), before diluting for infection did not significantly enhance or affect the level of peptide inhibition for any of the HN variant virions (Fig. 3b) . These data indicate that the peptide-binding site is not exposed prior to receptor engagement for any of the HPIV3 HN mutants. In addition, since we have shown that the three HN molecules-the wt and the P111S/D216N and N551D mutants-have equivalent receptor avidities under these experimental conditions (22, 25) , the kinetics of viral attachment to the cell does not impact fusion inhibition by peptides. Thus, the variation in HRC peptide inhibitory activities for the virions with different HNs is due to differences in the rate of F triggering by HN.
Implications for antiviral development. The paramyxovirus family encompasses prevalent and particularly infectious viruses, including the measles virus, HPIV, respiratory syncytial virus, and HeV and NiV. This viral family is defined by the presence of a fusion protein (F) that mediates viral and host cell membrane fusion at a neutral pH. Thus, methods of perturbing viral entry and fusion may potentially be widely applicable to members within the paramyxovirus family and to other viruses with similar entry pathways.
Inhibition by HRC peptides requires the interaction of these peptides with a specific intermediate stage of F during the fusion activation process. Only during the putative extended state, after triggering but before refolding into the 6HB, is the HRC peptide target accessible. Depending on the virus, the time spent by the fusion protein in this intermediate stage can vary (8) , and thus, peptide inhibitors have different windows of time in which they may access the target. Using the example of HPIV3, we have now shown that for paramyxoviruses, the receptor-binding protein regulates the length of time spent by the fusion protein in the peptide-accessible state. As shown schematically in Fig. 4 , a receptor-binding protein with a more efficient F-triggering function decreases the activation energy of F triggering, illustrated by the relative height of the first peak in each panel, and thus the amount of time F exists in its intermediate, extended state before refolding into a collapsed state. In a setting in which the F proteins are identical and the peptide inhibitor affinity is unchanged, an alteration in the F activation properties of HN alters the kinetics of F's progression through its conformational changes, thus altering inhibitor efficacy. Once the extended intermediate stage has passed and fusion proceeds, peptide inhibitors are ineffective. This means that in order to develop effective antiviral inhibitors, it is not sufficient to examine the strength of inhibitor-F interaction; the parameter of the kinetics of F triggering-which determines the access of peptide to its target-must also be considered. This parameter for paramyxoviruses depends on the efficiency of a second protein, the receptor-binding protein: HN for HPIV and G for HeV/NiV in the examples used in this study. It will be of interest to determine whether variants with 
